The scattering and backscattering properties of bubble populations in the upper ocean are estimated with Mie theory and a generalized bubble size spectrum based on in situ observations. Optical properties of both clean bubbles and bubbles coated with an organic film are analyzed; the results are compared with the corresponding optical properties of micro-organisms of similar size. Given a bubble number density ͑from ϳ10
Introduction
Satellite observations of the color of the ocean's surface, as exemplified by the Coastal Zone Color Scanner, the Ocean Color and Temperature Sensor, and the Sea-Viewing Wide Field-of-View Sensor ͑Sea-WiFS͒, have transformed perceptions of biological variability in the sea and have established the feasibility of using remote sensing for estimation of marine primary productivity and biogeochemical fluxes over large areas synoptically and over long time periods. [1] [2] [3] For this approach to be successful, accurate interpretations of the biological and physical processes responsible for variations in the color of the ocean are crucial.
Applications of ocean color remote sensing depend on the spectral variation in the diffuse reflectance of the surface ocean, R͑͒, which is in turn related to the ratio of the backscattering coefficient b b ͑͒ ͑m Ϫ1 ͒ to the absorption coefficient a͑͒ ͑m Ϫ1 ͒, 4, 5 R͑͒ ϭ f ͓b b ͑͒͞a͔͑͒,
where f is a parameter that depends on the illumination conditions ͑e.g., solar zenith angle and cloud cover͒ as well as the water optical properties ͑e.g., single-scattering albedo and ratio of molecular backscattering to that caused by particles͒. 6 -8 For case 1 waters, 5 several semianalytical models have been established to relate absorption and backscattering coefficients to the desired chlorophyll concentration ͓Chl͔. 9, 10 Although variations in the absorption coefficient that are primarily due to variation of pigment concentration 11, 12 modify the underwater light field, it is backscattering, ultimately, that determines how much light is reflected by the ocean and then observed by satellite. For scattering and backscattering, however, there is large variance ͑50 -200%͒ about the empirical relationships between these coefficients and pigment concentration. 6, 9, 10 Theoretical calculations and laboratory observations 13, 14 have found that living algae have a negligible influence on the backscattering process by oceanic waters. Moreover, recent theoretical and laboratory studies on the optical properties of both phototrophic and heterotrophic plankton have indicated that, whereas microorganisms, particularly phytoplankton and heterotrophic bacteria, could account for most of the total scattering in clear waters, they contribute only a small fraction of the observed backscattering. [15] [16] [17] These studies postulated that unidentified submicrometer particles ͑ϳ0.1 m͒ with low ͑n Ͻ 1.03͒, but also possibly high, refractive index might be required to explain the large portion of the total particulate backscattering that is unaccounted for by microorganisms, a conjecture that was previously suggested by Brown and Gordon 18, 19 who tried but failed to use Mie theory to predict the observed volume scattering function of particles in the Sargasso Sea.
However, the submicrometer particles with either low or high refractive index have not been physically or chemically characterized, nor have their optical properties been determined; the missing terms in the backscattering process remain enigmatic.
Here we hypothesize that backscattering by air bubbles in the ocean, which can often be found present in abundance, 20, 21 even in quiescent seas, 22 can in large part account for these missing terms.
Air bubbles in the ocean are generated mainly by injection of air by breaking waves. 23 These bubbles play important roles in gas transport between atmosphere and the ocean, 24, 25 underwater sound interference through scattering and absorption, 26, 27 and formation of marine sea-salt aerosols. 28 -30 Bubbles also influence the light propagation in water where they are present. Marston and co-workers examined the light scattering near the critical angle ͑82.8°͒, Brewster angle ͑106.2°͒, and glory ͑180°͒ for a single bubble. [31] [32] [33] [34] [35] [36] The bulk optical properties, such as scattering and backscattering coefficients of a bubble population, which might be quite different from those of a single bubble, however, have not been studied extensively.
Pioneering research on the bulk optical properties of bubbles in the ocean was carried out by Stramski, 37 who studied the light-scattering capability of clean bubble populations with a size distribution following the Ϫ4th power law for radii between 10 and 150 m. He found that this class of bubbles can contribute as high as approximately 10% to the scattering and backscattering coefficients of seawater. He used the bubble size distribution measured by O'Hern et al. 22 using a holographic method. This bubble size distribution assumes that the bubble number decreases as size increases according to the Ϫ4th power law, agreeing with the acoustical observation in general shape. However, many in situ measurements 20,38 -40 have observed bubble size distributions with a plateau located somewhere between 40 and 80 m ͑Table 1, column 9͒.
Although it has been argued that these peaked distributions are an artifact of the optical methods used, 21 there is still uncertainty in the reasons for differences between optical and acoustical results. The light scattering that is due to bubble populations with such a size distribution vary from the situation analyzed by Stramski. Furthermore, Stramski considered only clean bubbles; in nature, bubbles acquire organic films quickly after their formation in the sea. 24 These organic films are composed mainly of protein or lipid, 41 whose mean relative refractive indices ͑m ϭ 1.20 for protein and m ϭ 1.10 for lipid͒ are quite different from that of air bubbles ͑m ϭ 0.75͒, and thus it is expected that the coated bubbles would scatter somewhat differently from clean bubbles.
To address our hypothesis that we raise in this paper, we adopt an approach similar to that used by Stramski. 37 However, we use a generalized bubble size distribution based on all the available in situ bubble measurements in the ocean. Then we focus on the effect of organic film adsorbed onto the bubble surface on the optical properties of bubble populations. Finally, the influence of the presence of bubbles on the remote sensing of ocean color is evaluated.
Background and Bases
The bulk optical properties of the bubble population are calculated as ͒ is the bubble size distribution, representing the bubble number per unit volume per unit ra- dius interval at radius r. The r min and r max denote the minimum and maximum radius of the bubble population. In our calculations, the r max is set to be 300 m, which roughly corresponds to the maximum radius found in most field experiments. The r min of the bubble population in the sea that has been observed so far is 10 m by use of holographic techniques. 22 An even smaller radius ͑ϳ3 m͒ for stable bubbles was suggested by the results of Johnson and Cooke. 44 The study by Yount et al. 45 found stabilized bubbles in both distilled water and gelatin of radius of the order of 1 m or less. Finally the gas cavitation nuclei has an estimated radius of ϳ0.1 m. 46 In our calculations, the r min is set to be 0.01 m.
The bubble size distribution n͑r͒ at radius r can be expressed as
proportional to where N 0 ͑m Ϫ3 ͒ is the total bubble number density in a unit volume of water and p͑r͒ ͑m Ϫ1 ͒ is the bubble probability density function ͑PDF͒ at radius r. From Eqs. ͑2͒ and ͑3͒, it is clear that bubble optical properties are directly proportional to bubble number density. For bubbles generated by breaking waves, both theoretical analyses 47, 48 and field experiments 49 suggest that N 0 depends on wind speed through an empirical power law, i.e., N 0 ϰ U 10 ␣ . The exponent ␣ ranges from 3.0 to 4.7 when U 10 is given in meters per second. On the other hand, a background bubble population 50 can also be found in calm seas. 22, 27 These bubbles are believed to be possibly of biological origin 26 or from decay of wind-generated bubble patches. 50 The N 0 observed in situ is listed in Table 1 along with the experimental conditions. The N 0 ranges from 4 ϫ 10 4 to 2 ϫ 10 7 ͑m Ϫ3 ͒. Despite the intrinsic limitations of various methods used to observe bubbles, 51 in the following study the bubble number density N 0 is assumed to vary from 10 4 to 10 8 ͑m
Ϫ3
͒ to represent the full-range of bubble populations found in the sea, without regard to the specific generating mechanism.
Once bubble clouds are formed, the bubbles evolve by such processes as dissolution, rise, and gas expansion, all of which are a function of bubble size. Therefore these processes regulate the bubble PDF with respect to size. The in situ observations support, in general, two types of bubble density functions ͑Table 1, column 8͒. One has a plateau with the bubble concentration dropping off rapidly on both sides of the plateau ͑denoted here as DI͒. The other exhibits a monotonic increase as the bubble radius decreases ͑DII͒. The bubble size distributions obtained by optical methods and simulated by numerical models seem to support DI; however, the peak positions are different in different observations. DII, on the other hand, agrees with most acoustical observations. The common features between DI and DII is that both admit a power-law decrease of bubble number density with increasing radius ͑larger than peak for DI͒, with the mean exponent being Ϫ4. 30, 39, 49 Crawford and Farmer 52 and Wu 48 gave two, similar, expressions to describe the DI bubble size spectrum on the basis of Johnson and Cooke's in situ observations. 20 Based on their results, here we give a more generalized bubble PDF for DI, the particular form of which depends on the peak position:
where r a and r b are the radii of bubbles that define the limits of the plateau and c 1 , c 2 , and c 3 are uniquely determined by r a and r b .
The bubble size distributions of the DII type are proportional, on the average, to r Ϫ4 over the entire range. It is obvious that this relationship cannot be extended to zero radius; this would imply an infinite volume of gas inside the bubbles. The radius corresponding to the maximum bubble density is not known. For the DII density function, the generalized form is
where r 0 is the minimum radius for DII distribution and c depends only on r 0 . Note that the r 0 here is the minimum radius for DII distribution only. It is a variable in the following analysis, whereas r min of Eq. ͑2͒ is a constant, defining the smallest radius down to which the Mie calculation and bubble size distribution extend. In case r 0 Ͼ r min , the p͑r͒ of Eq. ͑5͒ is set to be 0 for r min Ͻ r Ͻ r 0 . Figure 1 is a schematic plot of DI and DII with the same mean radius at 50 m.
In the bubble size spectra we have used, a mean exponent Ϫ4 ͓ p͑r͒ ϳ r Ϫ4 , Eqs. ͑4͒ and ͑5͔͒ is adopted. It was found that a higher exponent, i.e., Ϫ3 or Ϫ2, might be associated with the biologically generated bubbles. 27, 53 In reference to Eq. ͑2͒, it is straightforward to show that for Յ 3, where p͑r͒ ϳ r Ϫ , the integral of Eq. ͑2͒ would be ln͑r͒ if ϭ 3 or r if ϭ 2, the values of which depend on r max ͑because Q j is almost constant for large size bubbles͒. In other words, the optical properties of bubbles of biological origin would be largely determined by large bubbles. Because these bubbles of biological origin are usually thought to be present in low number density, their influence is likely to be small, except in coastal environments or in bloom conditions.
Results and Discussions

A. Optical Efficiencies for Single Bubble
As stated above, natural bubbles are always coated with organic materials and adsorbed particles. Here we expand the analysis of Stramski 37 to consider dirty bubbles coated with a surface-active monolayer. Unlike the particles that may adsorb onto bubbles, 54 photographs show that bubbles with adsorbed monolayers remain spherical. 44 However, the composition and thickness of coatings are not clearly known. Fox and Herzfeld 55 suggested that protein might be the source of the monolayer coating the bubble. Yount 46 suggested both protein and lipid as components of the film. Therefore in this study we use both. The thickness of such coatings for bubbles in seawater has been estimated to range from 0.01 m for lipids such as fatty esters, fatty acids, and fatty alcohols, to 1 m for proteinaceous molecules such as glycoproteins and proteoglycans. 41 For the bubble cavitation nuclei in gelatin, the thickness of this layer is within 5-50 Å. 46 A single layer of monomolecular film of constant thickness is assumed here regardless of bubble radius. This assumption might not be realistic, but it represents a compromise situation for the dirty bubble. The large bubbles are only partly coated by organic film, 24 and only as the bubbles contract and become small enough can this film then form a complete skin 55 ; on the other hand, as bubbles age, the film thickness grows and the absorbed film can turn into a multilayered system. 41 Figure 2 shows the variation of ͑a͒ scattering and ͑b͒ backscattering efficiency with bubble size ͑ ϭ 550 nm͒ and as a function of film thickness for bubbles coated with a protein monolayer ͑refractive index 1.2͒. The thickness of the film was assumed to vary from 0 ͑clean bubbles͒ to 1 m. A common feature for coated bubbles is that both scattering and backscattering efficiencies first decrease to a minimum ͑the thinner the film, the sharper the decrease͒, then increase reaching a global maximum, and after that it oscillates toward asymptotic values as bubble sizes become large relative to wavelength. This is in contrast to clean bubbles, whose scattering function of size reaches a maximum first.
For bubbles sizes larger than 10 m ͑ ϭ 550 nm͒, the variations in total scattering efficiency that are due to coatings become small ͑Ͻ10%͒, and there is little difference between clean and dirty bubbles. For the backscattering efficiency, however, the situation is quite different ͓Fig. 2͑b͔͒. Organic film coatings enhance the backscattering efficiency after the first maximum, and the enhancement depends directly on the thickness of the coated films. There is no significant variation in backscattering for film thickness of Ͻ0.01 m; however, it increases four fold as the film further thickens to 0.1 m. An exception is for bubbles with a much thicker film ͑ϳ1 m͒, which after the first maximum the efficiency decreases as bubble size increases ͑Ͼ10 m͒, reaching a value even smaller than that for bubbles with 0.1-m film. It resembles the backscattering efficiency distribution for protein sphere ͑presumably a spherical protein of the same size as bubbles͒ in shape, but with a somewhat higher magnitude. Further increasing the film thickness ͑up to 5 m as we tested, and the result is not shown͒ does not change the pattern of backscattering much from that for a film of 1-m thickness.
It is clear from Figs. 2͑a͒ and 2͑b͒ that organic films coated on bubble surfaces significantly enhance the bubble backscattering but change the total scattering by only a small amount when the bubble size is Ͼ1 m. This is consistent with the study of Meyer 56 who found that the membrane of biological cells strongly influences the backscattering of radiation but does not significantly affect the forward scattering.
B. Mean Optical Efficiencies of Bubble Population
In principle, the bulk optical properties of bubble populations can now be estimated with Eq. ͑1͒ by using the generalized bubble size distributions ͑DI and DII͒ and the single-bubble efficiency factors computed above. To identify the variations for both small and large sizes, the same data set is plotted in logarithmic scale ͑left͒ and linear scale ͑right͒. The efficiencies for bubbles with a film of various thicknesses are indicated by the thickness ͑in micrometers͒, whereas clean denotes the efficiency for clean bubbles and protein refers to a homogeneous protein sphere of the same size as bubbles.
However, a more simplified case for bubble populations can be expected by transforming Eq. ͑2͒ into
where
Q j and s are, respectively, the mean optical efficiency factors and the mean geometric cross-sectional areas of the bubble population. By use of Eq. ͑6͒, the influence of the bubble size distribution ͓or PDF, Eq. ͑2͔͒ on bubble bulk optical properties was divided into two parts: the mean optical properties ͑efficiency factors͒ and the mean geometric property ͑mean area͒. Another advantage of doing so is that the mean optical properties of a population or culture are experimentally accessible, facilitating direct comparison with observations. Figure 3 shows ͑a͒ the mean scattering and ͑b͒ the backscattering efficiency factors for the DI ͑solid curves͒ and DII ͑dashed curves͒ bubble distributions as a function of mean radius r ϭ ͐ r min r max rp͑r͒dr for ϭ 550 nm. For comparison, the respective efficiency factors for single bubbles are also displayed as a dotted curve in Figs. 3͑a͒ and 3͑b͒ . Because the DI distribution is determined by both r a and r b ͓Eq. ͑4͔͒, the mean efficiency factors are plotted for various r a and r b pairs ͑r a ϭ 0, 20, 40, 60, 80, and 100% of r b ͒. The fluctuation of efficiency factors seen in the singlebubble case has been largely damped out by the bubble population average. Only the first maximum and first minimum remain discernible, however with diminished amplitude.
Clean Bubbles
It is interesting to note that for both scattering and backscattering efficiency factors, DII is not significantly different from the DI distribution with r a ϭ r b for a given mean radius. There are no systematic differences among various DI and between DI and DII distributions in forming the mean optical efficiency factors. This is because ͑1͒ the bubble size range is large so that the variations found in optical efficiency factors for single bubbles have been largely averaged out; and ͑2͒ for large bubbles ͓r Ͼ 1 m, Figs. 2͑a͒ and 2͑b͔͒, the scattering and backscattering efficiencies are stable, whereas the contribution of small bubbles rapidly decreases as the radius decreases ͑Q b ϳ r 4 if r Ͻ Ͻ ͒. It is therefore expected from Fig. 3 that the error might be small when one uses a single distribution to approximate the others in calculating the mean optical efficiency factors.
The errors that occur for tiny bubbles ͑r Ͻ 0.1 m͒ and for wide peaks ͑r a Ͻ 40% of r b ͒ are less than 30%. There is virtually no error when r Ͼ 4 m. For the bubble populations observed in situ either by optical or acoustical methods, the mean radius is above 10 m ͑Table 1, column 11͒, and therefore the mean scattering efficiency of these bubbles will depend only on the mean bubble radius, no matter what form the size distribution of the bubbles takes. The mean backscattering efficiency for clean bubbles calculated with this generalized bubble size distribution for r Ͼ 1 m is ϳ0.02.
Dirty Bubbles
The influence of organic coatings on the mean scattering is shown in Fig. 4͑a͒ and Fig. 4͑b͒ shows backscattering efficiencies of bubble populations represented by DII with r a ϭ 60% of r b . The mean total scattering efficiency ͓Fig. 4͑a͔͒, compared with that of clean bubbles, decreases as proteinaceous film thickness increases from 0.001 to 0.05 m by as much as 25%, then it reverses and increases as the film becomes thicker. Only when the thickness of film reaches approximately 1 m does the mean total scattering efficiency for dirty bubbles exceed that for clean bubbles by more than 10%. The mean total scattering is not affected with thickness Ͻ0.01 m. Relatively large variations occur for thicker films. Despite variations in film thickness of 3 orders of magnitude ͑0.001 ϳ 1 m͒, there is little change in the mean total scattering when bubble size exceeds 10 m.
Contrary to the total scattering, the mean back- Figs. 4͑a͒ and 4͑b͒ , where the mean scattering and backscattering efficiency factors for lipid film ͑index ϭ 1.1͒ of thickness 0.1 m are plotted by dashed curves. In general, the lipid film of the same thickness lowers both scattering and backscattering relative to the protein coatings. The reduction is more significant for backscattering than for scattering. With a lipid film of 0.1-m thickness, scattering diminishes only 10%, whereas backscattering decreases by half in comparison with the protein coat.
It should be noted that in the above analysis, a constant layer thickness is applied regardless of the bubble size. Considering that the larger bubbles are only partially coated and that the coating of aged bubbles may be multilayered, the real situation in the ocean might be more complicated. Nevertheless, it is clear that coatings significantly increase the backscattering of bubble populations, especially for bubbles with a mean size of approximately 1-100 m, the dominant sizes observed in the ocean ͑Table 1͒, even though the coating does not appear to have a strong influence on the total scattering of bubbles.
Effect of Film Absorption
There is only a small amount of data on the absorption properties of films coated onto the bubble surface. Here we estimate the imaginary part of the refractive index to be 0.001 and 0.006. The former is near the mean imaginary index of phytoplankton cells, whereas the latter is probably the maximum value for chlorophyll in the red absorption band. 57 Shown in Fig. 5 are the ͑a͒ mean scattering and ͑b͒ backscattering efficiency for bubbles coated with absorbing protein film. As expected, the absorption of organic film reduces both the total scattering and the backscattering, with the magnitude proportional to both thickness and the imaginary index of the film. Furthermore, the absorption also depends on the total bubble size, even though only the film has an absorbing property. However, only when the bubble sizes reach approximately 100 m, and with an extremely high absorption coefficient ͑imaginary index ϭ 0.006͒, does absorption significantly reduce the scattering and backscattering from the case with no absorption. It should be kept in mind that the imaginary index 0.006 tested here is the maximum value for the highly absorbing and colored substance chlorophyll. 57 For organic films with an imaginary index of 0.001, the reduced scattering and backscattering are at most 5%. Thus it is safe to say that the normally absorbing organic films exert a small influence on the backscattering of bubbles.
Comparison with Plankton
We can now compare the mean optical efficiency factors of bubble populations with those of autotrophic and heterotrophic plankton, 15, 16, 58 as listed in Table  2 . The data for mean scattering and backscattering efficiencies are taken from Figs. 4͑a͒ and 4͑b͒ ͑r Ͼ 1 Fig. 4 . ͑a͒ Mean scattering and ͑b͒ backscattering efficiencies of coated bubbles as a function of mean bubble radius and film thickness. From top to bottom, the scattering efficiencies for various coatings are indicated by the legend in the same order. For backscattering, the curves corresponding to various film thickness or composition are indicated individually. m͒, i.e., bubbles are assumed to be coated by an organic monolayer consisting of nonabsorbing protein or lipid. The mean scattering efficiency factor of bubbles ͑1.5-2.2͒ is comparable to those of nanoplankton ͑2-20 m͒ and microplankton ͑20 -200 m͒. However, for the backscattering efficiency, ranging from 0.02 for clean bubbles to as high as 0.08 for bubbles with 0.1-m-thick protein film, bubbles are at least 1 order of magnitude more efficient in backscattering than planktonic organisms, indicating the potential role of bubbles in regulating the ocean backscattering coefficient. It is due to their small size that the viruses and bacteria have the highest backscattering ratio ͑defined as the ratio of backscattering to total scattering͒ among autotrophic and heterotrophic plankton, 43 whereas the higher ratio for bubbles is by virtue of their refringent characteristics ͑m ϭ 0.75͒.
C. Bulk Optical Properties of Bubble Populations
The bulk optical properties of natural bubble populations are calculated with the DI distribution with r a ϭ 60%r b as a function of r for various bubble number densities ͑Fig. 6͒. For comparison, the total particulate scattering ͓Fig. 6͑a͔͒ and backscattering ͓Fig. 6͑b͔͒ coefficients are estimated as a function of pigment concentration through commonly used empirical relationships ͑e.g., Refs. 6, 16, 59͒: . Also shown are total bubble scattering ͓Fig. 6͑a͔͒ and backscattering ͓Fig. 6͑b͔͒ coefficients estimated with Eq. ͑6͒ from in situ observations ͑Table 1, columns 13 and 14͒ and indicated by numbers corresponding to the serial number of Table 1 ͑column 1͒. The backscattering coefficient that is due to the bubble populations from Table 1 range from 0.89 -104% of total particle backscattering for ͓Chl͔ ϭ 0.03 mg m Ϫ3 to 0.17-19% for ͓Chl͔ ϭ 1 mg m
Ϫ3
, whereas for scattering it is approximately 1.5-176% in oligotrophic water to 0.17-20% in eutrophic water. The largest case is from optical bubble measurements in the clear Tasman Sea. 39 Note that the scattering and backscattering coefficients estimated here for the bubble population are based on the clean bubbles only. From Figs. 4͑a͒ and 4͑b͒ , we conclude that organic film absorbed onto bubbles would enhance the backscattering significantly, whereas it would change scattering only slightly. It is straightforward to extend the result to coated bubbles by multiplying the above estimates by a factor that can be inferred from Fig. 4͑b͒ . For example, the mean radius of the bubble populations observed in situ is approximately 50 m and number density approximately 10 6 m Ϫ3 ͓Figs. 6͑a͒ and 6͑b͒, also Table 1͔ . Given such a bubble population, if the bubbles were clean they would contribute 16% to the particulate ͒ for high bubble concentration.
Based on the clean bubble case only, it can be seen that bubble populations play a significant role in modifying both scattering and backscattering coefficients if the mean radius is Ͼ10 m and the bubble number density is Ͼ10 , at least for the clear ocean. The organic film coating will enhance the backscattering considerably ͓Fig. 4͑b͔͒, and the contribution to the backscattering process will be highly significant even for eutrophic waters. The backscattering coefficient increases approximately three fold when chlorophyll concentration increases from 0.1 to 1 mg m
, whereas the backscattering of bubbles can be easily doubled or tripled by the coating, which occurs in seconds. 24 
D. Missing Terms in the Backscattering Process
Two almost simultaneous studies 15, 16 concluded that all the effects that are due to phototrophic and heterotrophic organisms alone are not able to account for the observed total backscattering coefficient, and they argued that the missing terms in the backscattering process are probably attributed to the nonliving submicrometer detritus and͞or viruses, a suggestion also contained in the early work by Brown and Gordon 18, 19 and in the more recent study by Ulloa et al. 17 From Fig. 6͑b͒ , it is clear that the missing term could also include air bubbles if they were present in abundance, and if they had not been excluded when the in situ optical properties were measured. This is further exemplified by Fig. 7 , where the total observed scattering and backscattering coefficient ͑solid line, upper and lower boundaries͒ is divided into contributions from phototrophic and heterotrophic organisms ͑dashed lines͒ plus that from clean bubbles ͑r ϭ 50 m, N 0 ϭ 10 6 and 10 7 ͒. The calculations of the scattering and backscattering coefficients of phototrophic and heterotrophic organisms are the same as that used by Morel and Ahn. 15 They assumed that the specific scattering coefficients for phototrophic organisms are 0.4, 0.2, and 0.1 m 2 ͑mg ͓Chl͔͒ Ϫ1 for oligotrophic, mesotrophic, and eutrophic situations, respectively, and the backscattering ratio is 10 . By adding the scattering that is due to the resident clean bubble population, the large gap between values observed and estimated when taking into account only planktonic organisms can be filled, at least for the lower boundary. It is noted, however, that with N 0 ϭ 10 7 m
Ϫ3
, the reconstructed scattering ͓Fig. 7͑a͔͒ and backscattering coefficients ͓Fig. 7͑b͔͒ are even higher than that found in oligotrophic water ͓͑Chl͔ ϭ 0.01-0.1 mg m Ϫ3 ͒. It is curious that the empirical relationship given in Eq. ͑10͒ is evidently valid, given the low direct contribution to total backscattering by planktonic organisms. Although no relationship has ever been established between the number density of bubble populations and trophic state of the water where they are present, Thorpe et al. 60 found that the presence of particulates may enhance the number of smaller bubbles by their capture on the surface of the bubble and hence affect gas transfer and the rise speed. This is likely to be a significant factor in coastal waters and perhaps in the open ocean during bloom conditions. Their study suggested that there might be a connection between bubble density and the trophic state. Furthermore, oxygen evolved during photosynthesis might increase bubble densities. It is interesting to speculate that these connections may be responsible, albeit indirectly, for Eq. ͑9͒, and the subsequent development of semiempirical ocean color models. Fig. 7 . Cumulative contributions ͑symbols͒ of bubbles and microorganisms ͑dashed lines͒ compared with in situ observed ͑a͒ scattering and ͑b͒ backscattering coefficients, represented by two solid lines corresponding to upper and lower boundaries of Eqs. ͑9͒ and ͑10͒, respectively. The bubbles are assumed to be clean, and their number density varies from 10 6 m Ϫ3 ͑*͒ to 10 7 m Ϫ3 ͑E͒. The backscattering that is due to micro-organisms alone could not account for the in situ measurements of backscattering.
As described above, previous studies 15, 16 indicate that micro-organisms contribute little to particulate backscattering, but dominate the total scattering coefficient in the ocean. In the next analysis, we try to reconstruct the observed backscattering coefficient by including the bubble effect alone and simultaneously constrain the cumulative scattering coefficient within the observed range. The number density of the clean bubble population thus needed would be 0.6 -1 ϫ 10 6 for oligotrophic, 2-5 ϫ 10 6 for mesotrophic, and 6 -12 ϫ 10 6 for eutrophic water. Such a case is shown in Fig. 8 ͓͑a͒ for scattering coefficient and ͑b͒ for backscattering coefficient͔ with N 0 ϭ 10 6 , 3 ϫ 10 6 and 8 ϫ 10 6 for oligotrophic, mesotrophic, and eutrophic waters, respectively. From Table 1 , it is apparent that these numbers are realistic, suggesting again that the contribution of bubble populations to backscattering, and hence remote-sensing reflectance ͓Eq. ͑1͔͒, is significant. The large gap in the backscattering coefficient between the observed values and the estimated values that are due to microorganisms can be filled by including contributions by bubbles while the summed scattering coefficient is consistent with in situ determinations. However, the recomposed backscattering coefficient based on clean bubbles covers only the lower boundary of observed backscattering values. Stramski and Kiefer 16 postulated that the missing term might be soft submicrometer detrital particles that that backscatter heavily but scatter considerably less. In reference to Table 2 and Fig. 4 , we can argue that coated bubbles also have this property, a much enhanced backscattering efficiency with little change in the total scattering relative to clean bubbles. This effect is shown in Fig.  8 by solid symbols.
We conclude that the large missing terms in reconstructing the backscattering process can be easily explained by including a coated bubble population alone.
E. Influence on Remote Sensing
If bubbles persist in the ocean as described above, they contribute to the backscattering process and to in situ observations of the backscattering coefficients. These observations, which have been used empirically to establish the relationship between scattering and chlorophyll concentrations ͓Chl a͔ ͓Eqs. ͑9͒ and ͑10͔͒, have already included any contribution by bubble populations, albeit implicitly ͑under the assumption that bubbles are still there when the measurements were being performed͒. The optical and biological properties that are derived with remote-sensing reflectance R ͓Eq. ͑1͔͒ therefore are not influenced by the presence of these background bubble populations, because they are already accounted for at least for light to moderate wind conditions. However, a sudden injection of bubbles by, say, storm or ship wake, will influence the diffuse reflectance R by its enhanced backscattering. Figure 9͑a͒ shows the ratio of the enhanced diffuse reflectance R B caused by injection of bubbles with a density of 10 6 and 10 7 m
Ϫ3
, respectively, and with a mean radius of 50 m to the normal diffuse reflectance R as a function of ͓Chl a͔. The upper three curves are for bubbles with a number density of 10 7 m Ϫ3 , and 10 6 m Ϫ3 for the lower three. It is assumed that the bubbles are clean. For the coated bubble, the enhancement will be more significant according to Fig. 4͑b͒ . In general, the ratio R B ͞R decreases as chlorophyll concentration increases because of an increase in scattering that is due to enhanced particulate content, and for a given ͓Chl a͔, the ratio increases with wavelength because the b b for both clean and dirty bubbles are spectrally flat 61 whereas the b b for ocean water decreases with wavelength ͓Eq. ͑10͔͒. Also because of this, injection of bubbles makes the ocean appear greener than before.
The change in color will further influence the optical and biological properties derived by use of the ratio of R at two wavelengths. Let OC denote the ratio of R at wavelengths 440 and 550 nm [OC ϭ R(440 nm/R(550 nm)]. Figure 9͑b͒ shows the variation of OC after the bubble injection relative to that before the bubble injection. The upper two curves are for bubbles with a number density of 10 6 m
, and 10 7 m Ϫ3 for the lower two. The coated bubbles are assumed to be coated with protein film of 0.1 m. The color ratio decreases because of the bubble injection, and the change is more severe in open ocean than in coastal water.
The bubbles therefore influence the remote-sensing retrieval in two aspects. First, by overall increases in the backscattering at all wavelengths, the assumption of negligible reflectance in the red ͑or near IR͒ that is used by the ocean color atmospheric correction algorithm would be invalid. The water-leaving radiance or the remote-sensing reflectance in the shorter wavelengths would be underestimated if no corrections were to be made for the enhanced backscattering in the red or near IR that is due to bubbles. Second, the change in color translates into an error in the estimated remote-sensing products, for example, the chlorophyll concentration in open ocean will be overestimated from 10% for clean bubbles and N 0 ϭ 10 6 m Ϫ3 to a factor of 2 for coated bubbles and N 0 ϭ 10 7 m Ϫ3 according to Fig. 9͑b͒ . This is higher than the error budget ͑30%͒ for chlorophyll concentration derived from the SeaWIFS project. 62 
Conclusions
We applied Mie theory to estimate the optical efficiency factors for both clean and organic film-coated bubbles in the ocean and to study the effect of thickness and composition of this film coating on the lightscattering capability. Based on published in situ observations of bubbles in ocean water, a generalized bubble size distribution was proposed. By use of this generalized bubble size distribution, the optical properties, i.e., scattering and backscattering coefficients, of bubble populations were calculated and compared with the optical properties of natural particles as well as with the integrated observed scattering coefficients.
In the visible domain, there is no significant difference in total scattering between clean bubbles and bubbles coated with organic film ͑dirty bubbles͒. Bubbles coated with an organic film exhibit an enhanced backscattering efficiency that is due to coating. The enhancements, generally, are directly proportional to both the refractive index and the thickness of the film. For a bubble population with a mean radius greater than 1 m, the backscattering efficiency can be enhanced by a factor of 4 because of organic coating of thickness of approximately 0.1 m. The absorption ͑if any͒ that is due to the organic film on the surface of bubbles reduces both scattering and backscattering; however, this effect is negligible.
Given the bubble number density ͑from ϳ10 5 to ϳ10 7 ͒ that has typically been reported from measurements in the sea, the bubble population significantly influences the scattering process in the ocean, especially in oligotrophic waters. For the average bubble size distributions that have been reported ͑N 0 ϭ 10 6 m Ϫ3 and r ϭ 50 m͒ and for ͓Chl͔ ϭ 0.1 mg m
Ϫ3
, bubbles contribute 14 -42% of total scattering.
By virtue of the refringent characteristics ͑m ϭ 0.75͒, bubbles have a backscattering efficiency at least 1 order of magnitude higher than backscattering efficiencies reported for planktonic organisms ͑Table 2͒. The contribution of a bubble population ͑N 0 ϭ 10 6 m Ϫ3 and r ϭ 50 m͒ to the backscattering coefficient at ͓Chl͔ ϭ 0.1 mg m Ϫ3 is 8 -24% for clean bubbles and 30 -100% for dirty bubbles with protein film of 0.1 m thick. Thus backscattering from bubble populations is likely to be one of the missing terms in constructing the observed total backscattering coefficient in the sea. Obviously, this contribution to backscattering by bubbles is strongly enhanced if the bubbles are coated with organic film.
Through enhanced backscattering over the whole visible domain, the bubbles will influence the remote sensing of ocean color in ͑1͒ atmospheric correction and ͑2͒ optical and biological properties derived with color ratios. For high bubble concentrations, the assumption that there is negligible reflectance in red and near IR will be invalid. The ocean color tends to be greener because of bubbles, and the chlorophyll concentration would, therefore, be overestimated.
In conclusion, bubbles are strong scatterers and backscatterers whose influence on ocean optics and remote sensing has long been neglected. Caution should therefore be taken when trying to interpret the remote-sensing reflectance ͑ϳb b ͞a͒ and in the decomposition of the total scattering or backscattering coefficient into constituent contributions. On the other hand, more intensive and extensive efforts should be directed to a better understanding of the expected variability in the bubble size distribution and its possible relationship with the trophic state.
